The green nanocomposites of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with various cellulose nanocrystals (CNCs) contents were prepared by solution casting method. The effects of CNCs on the crystallization behavior, spherulitic morphology, crystal structure and hydrophilic property of PHBV were studied by differential scanning calorimeter (DSC), polarized optical microscope (POM), wide-angle X-ray diffraction (WAXD) and static water contact angle measurement. It is found that the CNCs act as an effective nucleation agent for crystallization of PHBV, inducing an increase in the melt crystallization temperature of the nanocomposites. A study of the non-isothermal crystallization kinetics further illustrated that overall crystallization rate of PHBV in the nanocomposites was faster than that of neat PHBV, but exhibited a decrease in the crystallinity and the spherulite size of PHBV. Furthermore, the contact angle decreased from 60.1° for neat PHBV to 32.5° for the nanocomposites with 10% CNCs (mass fraction).
Introduction
Bacteria synthesized poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) have recently attracted more attention as an biodegradable resin due to excellent biocompatibility and suitable physical properties, which can be used in environmentally friendly materials and biomedical materials for controlled release, surgical sutures, wound dressings and tissue engineering [1−7] . However, PHBV still exhibits several drawbacks to restrict its applications, PHBV as a highly crystalline polyester has exhibited very stiffness and low biodegradation rate because of its high crystallinity and hydrophobicity, which will restrict application of short-term drug carriers, tissue-engineering scaffolds, and so on [2, 4−6, 8, 9] . Moreover, PHBV is found to have a very low degree of heterogeneous nucleation density due to the high purity. Thus, it is easy to form the large spherulites of PHBV with circular breaks around the center and cracks in the radial direction of the spherulites [4, 5] .
To improve the crystallization behavior and hydrophilic property for broadening the utilization of PHBV, biodegradable and biocompatible nucleating agents having excellent nucleation ability without any limitations or drawbacks are desired. Recently, cellulose nanocrystals as a green nucleating and reinforcing fillers incorporated into many biodegradable polymer matrixes, which could enhance crystallization behavior, hydrophilic, thermal and mechanical properties and biodegradation rate to some extent [9−15] . However, to the best of our knowledge, in the past investigations, there is rare concern on both the crystallization behavior and hydrophilic property of PHBV/CNC nanocomposites. In this study, the effects of CNCs on the crystallization behavior, spherulitic morphology, crystal structure and hydrophilic property of the nanocomposites were investigated in detail by using DSC, POM, WAXD and static contact angle measurement, respectively. mole fraction) was supplied from Ningbo Tianan Biologic Material Co., Ltd (Ningbo, China). Commercial microcrystalline cellulose (MCC, particle size about 20 μm), chloroform (99.0%) and acetone (99.0%) were purchased from Guoyao Group Chemical Reagent Co., Ltd. (Shanghai, China). Other reagents and solvents were used as received.
The CNCs were prepared by hydrolysis of 0.02 g/mL MCC in concentrated sulfuric acid at 50 °C for 1 h, and the highly dispersed CNC suspension in chloroform (81 mg/mL) could be obtained by a solvent exchange procedure as our previous report [3] . Then, PHBV was dissolved in CNC suspensions at room temperature. The suspension of PHBV/CNC in chloroform was ultra-sonicated for 30 min and immediately cast on a clean glass plate. The resulting films were obtained by solvent evaporation at room temperature and dried under vacuum at 40 °C. Different CNC contents of 1%, 5%, and 10% (mass fraction) were used to prepare the nanocomposite films on the dry basis. The samples were denoted as PHBV/CNC1, PHBV/CNC5, and PHBV/CNC10, respectively.
The crystallization behavior was characterized by a differential scanning calorimetry (MDSC TA-2910). About 10 mg of samples were sealed in the aluminium pans and placed in the DSC cell. They were first heated from room temperature to 200 °C at a rate of 20 °C/min and kept at 200 °C for 5 min to eliminate the previous heat history, and then subsequently cooled to 0 °C at 10 °C/min, and then heated to 200 °C at a rate of 10 °C/min. In the first cooling traces, the initial slope of the exothermic peak (S i ) defined as the nucleation rate was the slope at inflexion on the high-temperature side of the exothermic in the first cooling traces, and could affect the nucleation rate. The greater S i was beneficial to obtain the greater nucleation rate. Spherulitic morphology and spherulite size were observed by a polarized optical microscopy (POM, Olympus BX51) with a temperature controller (Linkam THMS 600). Each sample was sandwiched between two thin glass sides, kept at 180 °C for 2 min on hot stage, and then cooled to 45 °C quickly at a rate of 100 °C/min. The crystal structures were characterized on a RIGAKU D/Max-2550 PC diffractometer with an area detector operating under Cu K α (1.5418 Å) radiation (40 kV, 40 mA). All the samples stood for 14 d at room temperature to reach equilibrium crystallization before being used. The contact angles of the PHBV and the nanocomposite films were measured on the air surface of their films using pendant drop method on a Dataphysics OCA40 contact angle analyzer at room temperature. About 2 μL of deionized water was dropped onto the surface at a contact time of 5 s. Ten independent determinations at different sites of the sample were averaged.
Results and discussion

Differential scanning calorimetry (DSC)
Crystallinity is an important parameter, which can greatly affect the physical properties and biodegradation rates of biodegradable polymers. Therefore, the crystallization behaviors of neat PHBV and the nanocomposites with various CNC contents were investigated by DSC, and the first cooling and second melting curves, melting enthalpies (∆H m ) and crystallinity are shown in Fig. 1 . Table 1 summarizes the thermal parameters from DSC curves, such as melt crystallization temperature (T mc ), melt crystallization enthalpy (∆H mc ), cold crystallization temperature (T cc ), cold crystallization enthalpy (∆H cc ), melting temperature (T m1 , T m2 ), melting enthalpies (∆H m ), and crystallinity. In Fig. 1(a) , the neat PHBV and PHBV/CNC1 did not show any obvious melt crystallization peaks during the cooling scans, whereas the cold crystallization peaks appeared in the second heating scans. With the increase of the CNC contents, the melt crystallization temperature (T mc ) shifted from 89.9 °C to 92.3 °C, meanwhile the S i of the nanocomposites with high CNC contents was greater than neat PHBV and other nanocomposites, which implied that the crystallization of the nanocomposites became easier and CNC was an effective nucleation agent for PHBV crystallization to induce significant increase of nucleating rate. Furthermore, as shown in Fig. 1(a) , it should be pointed out that obvious cold crystallization peaks appeared in the second heating scans of PHBV and PHBV/CNC1, but a slight decrease in the cold crystallization temperature for PHBV/CNC1 compared to neat PHBV, and no cold crystallization peaks occurred in the other nanocomposites. This also indicated that the crystallization of PHBV became easier by incorporating well-dispersed CNCs, even loading low CNC content (1%, mass fraction). Moreover, compared with slight decrease of the cold crystallization temperature for solution-processed nanoconposite with 5% CNCs (mass fraction) in the previous reported results [9, 10] , the greater improvement of PHBV crystallization was found in our nanocomposites with the same CNC contents, in which no cold crystallization peaks could be observed and the melt crystallization temperature (T mc ) was 89.9 °C. Further, as the CNC contents increased from 0 to 10% (mass fraction), the melting temperature, choosing the higher temperature endothermic peak as the true melting temperature [4] , was shifted from 130.7 °C to 168.3 °C for PHBV/CNC10. This illustrated that crystal perfection of the PHBV/CNC nanocomposites was improved. The crystallinity is usually calculated by the following equation to examine the changes in crystallinity of PHBV with adding CNCs:
where X c is the crystallinity, w(CNCs) is the mass fraction of CNCs, ∆H m is the measured heat of melting and ∆H 100 is chosen as 146.6 J/g for heat of fusion of 100% crystalline PHBV due to the low HV content of PHBV in our study [5] . The melting enthalpy (∆H m ) and the calculated crystallinity are shown in Fig. 1(b) . It is clear that the melting enthalpy (∆H m ) reduced from 74.7 for PHBV to 58.4 J/g for PHBV/CNC10, and the crystallinity (X c ) decreased by 6.64% from 50.9% to 44.26%. This can be explained that the regularity of PHBV chains may be disturbed by the interactions between the PHBV and CNCs, which resulted in a decrease in the crystallinity and crystallite size of the lamellae of the nanocomposites. Similar phenomenon can be observed in cellulose/PHBV composites [6] .
Non-isothermal crystallization kinetics
The non-isothermal crystallization kinetics of neat PHBV and the nanocomposites with various CNC contents were investigated to give more detailed information on the effects of CNCs on the crystallization of PHBV. The relative degree of crystallinity (X t ) at crystallization time (t) was defined as the ratio of the area under the exothermic curve between the onset crystallization time and the crystallization time t to the whole area under the exothermic curve from the onset crystallization time to the end crystallization time. Figure 2(a) gives the evolution of X t with t for neat PHBV and the nanocomposites with various CNC contents at their crystallization temperatures. As can be seen from Fig. 2(a) , the crystallization finished within 3.65 min for neat PHBV while within 3.05, 2.68 and 2.03 min for PHBV/CNC1, PHBV/CNC5 and PHBV/CNC10, respectively. It is clear that the addition of CNCs could enhance the non-isothermal crystallization of PHBV, moreover, the CNC content with 10% (mass fraction) was more efficient in accelerating the crystallization process of PHBV than the other nanocomposites.
It is well known that the non-isothermal crystallization kinetic can be studied by Avrami equation, and the corresponding crystallization kinetic parameters can be calculated by following equations [4, 8, 16 ]:
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where X t is the relative crystallinity at time t, k is the crystallinity rate constant, n is the Avrami exponent, T 0 is the onset crystallization temperature (t=0), θ is the cooling rate, k c is corrected crystallinity rate constant (Jeziorny rate constant), and t 0.5 is the half-life crystallization time. Figure 2 (b) illustrates the Avrami plots of neat PHBV and the nanocomposites with various CNC contents at their crystallization temperatures. The Avrami parameters n and k could be obtained from the slopes and the intercepts, respectively. The as-measured Avrami parameters of PHBV and the nanocomposites can be calculated through Eqs. (2)−(6), and the results are summarized in Table 2 . As shown in Table 2 , it can be seen that the Avrami exponent (n) was around 3.31 for neat PHBV, and about 4.45 for the nanocomposites. The incorporation of CNCs did not affect the Avrami exponents significantly, indicating that the crystallization mechanism may not change. Moreover, it is observed that the values of k and k c for the PHBV/CNC nanocomposite were greater than that of PHBV, indicating that CNCs were efficient in enhancing the non-isothermal melt crystallization of PHBV. This result also suggested that the incorporation of CNCs can be used as the heterogeneous nucleation agent to accelerate the overall crystallization process of PHBV in the nanocomposites as compared with neat PHBV. The half-life crystallization time t 0.5 , the time required to achieve 50% of the final crystallinity of the samples, is an important parameter for the discussion of crystallization kinetics. In general, the crystallization rate can also be easily described by the reciprocal of t 0.5 [4, 16] . The values of t 0.5 and 1/t 0.5 are thus calculated by Eq. (6) and listed in Table 2 . From Table 2 , it can be clearly seen that the values of t 0.5 for the nanocomposites were smaller than those of neat PHBV at crystallization temperatures. With the increase of CNC contents, t 0.5 decreased from 0.986 to 0.954. On the other hand, the values of 1/t 0.5 for the nanocomposite are larger than those of neat PHBV. Such variations indicated the overall crystallization rate of PHBV/CNC10 was the fastest among all the nanocomposites.
Polarized optical microscopy (POM)
The optical light micrographs of spherulites produced by the crystallization of PHBV and the nanocomposites with various CNC contents at 45 °C were observed. Here, PHBV/CNC10 was taken as an example of the nanocomposites to compare with the spherulite growth and size of neat PHBV in Fig. 3 . It can be seen that the large spherulites with circular breaks appeared in the micrographs of PHBV due to its low nucleation density. With the addition of 10% CNCs (mass fraction), the size of spherulites became smaller since the nucleation density of crystals was much higher than that of PHBV. Moreover, with the increase of CNC contents from 0 to 10% (mass fraction), the calculated spherulite size reduced from 58.3 to 2.2 μm for PHBV/CNC10, indicating that CNCs exhibited much stronger nucleation effect for crystallization of PHBV. In addition, Fig. 3 shows that much more uniform and smaller spherulites were found for the nanocomposites, because the radial growth of numerous spherulites based on CNCs nuclei would cease once the surfaces of PHBV spherulites contacted each other. Figure 4 gives the WAXD patterns of PHBV, CNC and the nanocomposites with various CNC contents, and the degrees of crystallinity (X c ) were calculated from (040) and (002) planes, respectively. They almost appeared in the WAXD patterns of the nanocomposites [17] [18] [19] [20] , whereas the characteristic peaks of CNCs at 14.6°, 16.3° and 22.6°, corresponding to ), 0 1 1 ( (110), and (200) planes of cellulose I, respectively, just could be observed for high CNC content. Further, a comparison of the diffractograms of PHBV with that of the PHBV/CNC nanocomposite showed that the d-spacing values were constant for all crystallographic planes, which indicated that the PHBV unit cell was not changed after incorporation of CNCs. This result indicated that the addition of the CNCs caused a change in the overall crystallization rate of PHBV, but did not influence the mechanism of nucleation or the growth of PHBV crystals which was consistent with results from non-isothermal crystallization kinetics. Moreover, it was found that when low CNC content was introduced, the X c increased greatly from 58.1% for neat PHBV to maximum 64.1% for the nanocomposite with 1% CNCs, and a better resolution for peaks (021), (101) and (111) than that of PHBV can be observed. It can be explained that the CNC as an effective nucleation agent induced the decrease of the size of PHBV crystallites and the increase of the crystallite density [10] . However, with the further increase of the CNC content, the X c decreased gradually to 53.9% for the nanocomposite with 10% CNCs (mass fraction), which was consistent with change trend of crystallinity from DSC results. It is believed that when CNCs were homogenously dispersed in PHBV matrix, a large amount of intermolecular hydrogen bonds were formed. The strong interactions would disturb the capability of the PHBV chains to form big crystalline domains, and resulted in low crystallinity [6, 21, 22] . In addition, the crystallinity obtained by X-ray diffraction was generally higher than that obtained by DSC. This difference of the results can be attributed to the two different kinds of testing mechanisms.
Wide-angle X-ray diffraction (WAXD)
Contact angle analyzer
Contact angle measurement is usually utilized to evaluate the wettability of neat PHBV and the nanocomposite films with various CNC contents, and their contact angles are given in Fig. 5 . It is observed that the nanocomposite films were more hydrophilic than that of neat PHBV. With the increase of CNC contents, the contact angle greatly decreased by 27.6° from 60.1° for neat PHBV to 32.5° for PHBV/CNC10. The increased hydrophilicity was an important factor to improve the cell attachment and the biocompatibility of materials, which would endow the nanocomposite as promising materials for tissue engineering [2] . In addition, the improved hydrophilicity, together with the lowered crystallinity in the nanocomposites, was beneficial to the penetration of water molecule into amorphous regions, which would induce a distinct acceleration of the cleavage of PHBV side-chains and control the biodegradation rate of PHBV by adjusting the CNC contents.
Conclusions
A series of biodegradable PHBV/CNC nanocomposites with various CNC contents were successfully prepared via solution casting method, and the crystallization behaviors, crystal morphology and hydrophilic property were investigated. It could be found that the incorporation of CNCs acted as the heterogeneous nucleation agent of PHBV, prompting the melt crystallization temperatures to 92.3 °C for the nanocomposites with 10% CNCs, which indicated that the crystallization of PHBV became easier due to well-dispersed CNCs into polymer matrix. Further, a study of non-isothermal crystallization kinetics indicated that the presence of CNCs could accelerate the overall crystallization process of PHBV in the nanocomposites compared with that of neat PHBV. It might be attributed to the strong nucleation effect of CNCs. However, compared to neat PHBV, the crystallinity decreased from 50.9% for PHBV to 44.26% for PHBV/CNC10. This is reasonable that the regularity of PHBV chains was disturbed by the interactions between the CNCs and PHBV matrix. Moreover, spherulitic morphology studies of neat PHBV and the nanocomposites confirmed that the nucleation density of PHBV in the presence of 10% CNCs was the highest among that in the other nanocomposites, which was consistent with the DSC study. In addition, with the CNC contents from 0 to 10%, the spherulites size reduced from 58.3 to 2.2 μm, and the water contact angle decreased by 27.6° from 60.1° to 32.5°. As expected, we might find that some of the disadvantages of PHBV were overcome by introducing CNCs as green fillers to PHBV matrix, which could greatly extend the biomedical application of PHBV.
